carboxypeptidase might be responsible for the acetylornithinase-related activity found in the Pseudomonas sp.
In microorganisms, the biosynthetic pathway from glutamate to arginine proceeds through eight enzymatic steps (reviewed in references 10, 11, and 15) . Depending on the organism, distinct enzymatic strategies are used to ensure the removal of the acetyl group from N2-acetylornithine (step 5 of the pathway). In Escherichia coli an N-acetylornithinase (NAO; EC 3.5.1.16) transforms this precursor into acetate and ornithine, whereas in Streptococcus, Neurospora, or Chlamydomonas spp. an ornithine acetyltransferase (EC 2.3.1.35) catalyzes the transfer of the acetyl group onto glutamate, yielding ornithine and acetylglutamate. In the latter case, acetylglutamate, the precursor of acetylornithine, is therefore regenerated upon the formation of ornithine (anaplerotic function). However, a few organisms contain the two activities. In Saccharomyces spp., a NAO activity was identified and proved not to be a side reaction of ornithine acetyltransferase but proposed to be due to a carboxypeptidase (12) ; in Pseudomonas aeruginosa, distinct polypeptides were found to be responsible for the two activities (16) .
At the genetic level, NAO is encoded by the argE gene in E. coli (10) whereas ornithine acetyltransferase is encoded by the ARG7 locus in yeasts (11) . To our knowledge, the locus responsible for the NAO activity has not yet been identified in organisms expressing both N-acetylornithinase and ornithine acetyltransferase.
To characterize the NAO enzyme, it was of interest to determine its amino acid sequence. We report the nucleotide sequence of the argE gene from E. coli (part of the divergent argECBH operon), which had been previously mapped (8) and cloned (7) . This allowed the construction of an NAOoverproducing strain and the purification of the enzyme to homogeneity. The NAO enzyme, which displays a rather broad specificity in the hydrolysis of numerous substrates of the type R1-CO-NH-CH((CH2)2-R2)-COOH (2, 20, 43) , was further analyzed. * Corresponding author.
MATERUILS AND METHODS
Bacterial strains and plasmids, general techniques. General genetic techniques were as described by Miller (28) . The bacterial strains and plasmids used in this study are listed in Table 1 .
Enzymes used were purchased from Boehringer-Mannheim (restriction enzymes, Taq DNA polymerase, DNA polymerase Kienow fragment), Pharmacia (restriction enzymes, T7 DNA polymerase, exonuclease III, T4 polynucleotide kinase), and Bethesda Research Laboratories (T4 DNA ligase). Buffers used were those indicated by the suppliers. Oligonucleotides were synthesized on a Gene Assembler I (Pharmacia) and purified by chromatography on a MonoQ anion exchanger (0.5 by 5 cm; Pharmacia). Chromosomal DNA was prepared as described previously (17) and purified by isopycnic CsCl gradient centrifugation (12 h in a Beckman Vti 65.2 rotor at 60,000 rpm). DNA fragments carrying the argE region were usually purified by size exclusion chromatography (36) and subcloned into M13 mpl8, M13mpl9, pBluescriptM13+SK (Stratagene, La Jolla, Calif.) or pRS414 (37) . The nucleotide sequence was determined by the dideoxy-chain termination method (34) with single-stranded or CsCl-purified double-stranded DNAs as the template. Automatic DNA sequencing was also performed by using the ALF system (Pharmacia). Protein samples (300 ng) were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (12.5% homogeneous gels) or native PAGE (8 to 25% gradient gels) on the Phast-System (Pharmacia).
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the GenBank/EMBL data bank as accession number X55417.
RESULTS
Genetic organization of the argE region. (i) Restriction analysis of the pMC7 plasmid. The pMC7 plasmid, obtained by inserting the 9.8 + 0.3-kb EcoRI fragment of the X50 bacteriophage into the pMB9 vector (8) , was already known to carry the whole argECBH operon and suspected to carry a part of theppc gene (7) . It restriction map of pMC7 (Fig. 1 ). The HincIl pattern is different from the one already published (7). This could be due to a misinterpretation of the insertion point of the X50 chromosomal fragment in the X genome (see below). To subclone the argE gene, we inserted the StuI (bp 630)-EclXI (bp 4853) fragment of pMC7 ( Fig. 1 ) between the EcoRV and EclXI sites of pBluescriptM13+SK. The pBSargE plasmid thus obtained was capable of relieving the arginine auxotrophy of the argE recA strain UF121R.
The restriction map in Fig. 1 was compared with the E. coli physical map (21) . The arg operon could be located at 89.7 min and is likely to be carried fully by the A 4G11 phage and partly by the X 8H10 phage.
This mapping unambiguously established the presence on pMC7 of the 5' part ofppc since the restriction pattern in the bp 0 to 1500 region ( Fig. 1 ) matched that deduced from the ppc nucleotide sequence (13) , with the exception of two additional BglI sites close to each other (positions 550 and 700). Accordingly, one of these BglI sites has been reported in the Kohara map (21) .
(ii) The oxyR gene is located immediately downstream from the argH gene on the pMC7 plasmid. Extracts of cells infected with a A transducing phage carrying the argH gene showed the overexpression of a polypeptide of Mr 55,000 (24) , indicating, therefore, that the argH gene is roughly 1,500 bases long. From this and from the DNA sequences of the argECBH promoter (9), the argC and argB genes, and the 5' part of the argH gene (32) , we concluded that the argH OO The beginnings of the flanking genes (argC and ppc) are also indicated.
gene should extend nearly to the unique BamHI site on the pMC7 plasmid (Fig. 1) .
A recent map of the E. coli chromosome (22) suggested that the oxyR gene was located near the arg operon at 89.4 min; moreover, oxyR has recently been cloned and sequenced from the A 4G11 phage (40) . Since the deduced oxyR restriction map perfectly matches that of the pMC7 plasmid from BamHI (bp 6850) to EcoRV (bp 8320), it has been proposed to map close to the arg operon (3, 45) . To confirm this localization of the oxyR gene, we performed the following hybridization analysis. An oligonucleotide, whose sequence was derived from the oxyR DNA sequence (3, 6, 40, 45) , was hybridized to either restricted pMC7 plasmid DNA or restricted chromosomal DNA. As shown in Fig. 2 , the hybridization patterns confirmed that oxyR was indeed located downstream from the argH gene on the pMC7 plasmid (Fig. 1) (31) . trnnA is transcribed counterclockwise (23) . This set of data allows the determination of the entire gene linkage from ppc (89.4 min) to rpoB (90.4 min), with the exception of the above 2-to 3-kb EcoRI region. Since the gene encoding pantothenate kinase (coaA) has been mapped between argH and rpoB (41), it is tempting to propose that coaA could occupy this yet unsolved region. If this is true, this gene could easily be cloned from 4G11 and/or EllCil of the E. coli library of Kohara et al. (21) or from plasmid pTNO35 (31) .
Nucleotide sequence of the argE gene region. The nucleotide sequence of the HindIII (bp -143)-HincII (bp 3400) fragment containing the whole argE gene was determined (Fig. 3) . Two open reading frames oriented counterclockwise and starting at positions 1359 (396 codons) and 2070 (553 codons) were found. The sequence of the latter open reading frame, which does not end within the sequenced fragment, matches the 5' part of the ppc gene (Fig. 1) . The 396-codon open reading frame most probably encodes the NAO. This conclusion is established further below by the sequencing of argE mutants. Nucleotide sequencing of the intergenic argE-ppc region revealed the occurrence of a triplicated region. Each repeated unit was composed of a 57-to 61-bp sequence with dyad symmetry (Fig. 3) . From these three homologous units, a consensus sequence could be defined (Fig. 4) . It matched the well-known canonical REP (repetitive extragenic palindromic, also called PU [palindromic unit]) sequence, which is found in the intergenic regions of several operons (18, 39) . The consensus sequence obtained here is 12 bp longer than the canonical REP sequence (Fig. 3) .
Finally, examination of the nucleotide sequence from the HindIII site (bp -143 in Fig. 1 ) to the junction with ppc confirmed that the chromosomal insertion within X50 occurred in the S gene region and not in the pR one, as suggested earlier (7). Linkage between ppc and the X part of the EcoRI insert occurred roughly 100 bases downstream from the second PvuII site (bp 100 in Fig. 1 ) ofppc.
Determination of the translation start of argE. The argE gene sequence revealed three possible initiator ATG codons (Fig. 3) , of which the third (underlined in Fig. 3 ) is the best candidate because of the presence upstream of a welllocated typical Shine-Dalgarno sequence (boxed in Fig. 3 ). To prove that this codon (referred to as ATG1) was indeed the initiation codon of argE, we carried out the following experiment. The codon preceding ATG1 was mutagenized into an opal (TGA) one. The NAO activity expressed from pRSargEopO, the plasmid carrying this opal mutation, was identical to that expressed from the control pRSargE plasmid (Table 2 ). This result strongly suggested that ATG1 was the 'initiator codon of argE. Furthermore, ATG1 was changed into an amber codon (TAG) to give plasmid pRS argEaml. As expected, the resulting plasmid was unable to relieve the arginine auxotrophy of the Su-strain UF121R, whereas it conferred an Arg+ phenotype on strain PAL3587 (argE3 supE44). In the latter case, the NAO activity in cell extracts did not exceed 1% of that obtained with pRSargE. This could be explained by a low efficiency of translation 1 ) in the strain PAL3587(pRSargEaml). As expected, expression of this amber tRNAfMet caused an increase (80-fold) in the NAO activity, which became identical to that obtained with pRSargE (Table 2) . That this amber mutation at codon 1 was much better suppressed by an initiator suppressor tRNA than by an elongator one confirmed that ATG1 was responsible for the translation initiation of the argE gene.
Cloning and sequencing of the argE3 (Oc) and argE(Am) mutant genes. Many E. coli strains of genetic interest carry a mutation mapped in the argE gene and conferring an Argphenotype. Two alleles have been widely used. The argE3 allele, found in strains derived from AB1157 (1), is known to carry an ochre mutation (19) . Another argE mutation, carried by the XA100 derivatives (29) with respect to the reversion frequency (< 10-). The argE(Am) mutation could therefore be located in the region containing the first 100 codons of argE.
With strain PAL3586, a high efficiency of curing occurred by using the M13HS and M13SE phages, thus indicating that the argE3 mutation lies within the distal 100 codons of argE.
To precisely localize the mutations, we cloned the mutated argE(Am) and argE3 genes from the UF121 and PAL3586 chromosomes, respectively, by using the polymerase chain reaction technique. As a control, the wild-type allele was also cloned from the Arg+ strain K37 by the same technique. The amplified genes were cloned in pBSM13+SK under the control of the lac inducible promoter, to yield pBSargXE (fragment from K37), pBSargXEam (fragment from UF121), and pBSargXE3 (fragment from PAL3586). The binding sites for the argR repressor (15) are not present on the cloned fragments. It was verified that pBSargXE relieved the Arg auxotrophy of the UF121R strain (Su-) whereas pBSargXEam and pBSargXE3 did not. In each of the three experiments, two independently obtained plasmids were fully sequenced. The sequence of the argE gene from K37 was identical to that obtained from the pMC7 insert. The argE sequence from pBSargXEam carried a single mutation with codon Gln-53 (CAG) changed into a TAG amber codon (Fig. 3) . The argE3 allele also showed a point transition with the Gln-338 CAA codon changed into a TAA ochre codon (Fig. 3) . The latter mutation creates a DraI restriction site.
Purification and biochemical characterization of the E. coli NAO. The predicted molecular weight of the argE product (Mr 42,350) is smaller than the one previously measured by either molecular sieving (Mr 62,000 [personal communication in reference 15]) or analysis by denaturing SDS-PAGE (Mr 52,000 [24] ). To investigate this discrepancy, we purified NAO to homogeneity from the UF121R(pBSargXE) strain, which overexpresses the NAO activity 600-fold compared with the PAL123 strain grown under identical conditions. The purification procedure is described in Materials and Methods section and is summarized in Table 3 . SDS-PAGE analysis of pure NAO (Fig. SB) showed that the enzyme behaves as an Mr 42,000 peptide, in good agreement with the (Fig. 5A ) indicated an apparent molecular weight of 77,000, suggesting that the protein was a homodimer. The latter conclusion was confirmed by the elution profile of NAO on a Superose-6 molecular sieving column (data not shown). The above properties, as well as the michaelian parameters of the reaction catalyzed by the purified NAO, are summarized in Table 4 . Note the very high kcat value of the reaction catalyzed by purified NAO (Table 4) .
NAO is homologous to CPG2 and SDPD. An extensive search for homologies (using the NBRF protein library, release 27) enabled us to first align the E. coli NAO sequence with that of a protein originating from Pseudomonas sp. strain RS-16 (30) and previously reported to be a carboxypeptidase G2 (CPG2). In the comparison, 218 amino acids, corresponding to about two-thirds of the total length of either polypeptide, could be aligned (amino acids 11 to 228 in the NAO sequence and amino acids 43 to 264 in the CPG2 sequence). According to the alignment shown in Fig. 6 , the N termini are shifted by 32 residues, in agreement with the length of the signal peptide of CPG2. Of the 218 aligned residues, 64 identities (29.4% identity) and 47 conservative replacements (50.9% similarity) were found. In addition, hydrophobic cluster analysis (14) of the sequences of the two proteins suggested similar secondary structures within the conserved regions (data not shown).
Finally, succinyldiaminopimelate desuccinylase (SDPD; EC 3.5.1.18) also shared significant homology with NAO between amino acids 79 and 117 (60.5% identity). The Interestingly, the enzymes CPG2 and SDPD are known to hydrolyze peptidic bonds of substrates possessing the same consensus structure as the one recognized and cleaved by NAO, i.e., R1-CO-NH-CH(CH2)2-R2)-COOH, and, in the case of CPG2, to also have a broad substrate specificity (30) . Moreover, the organism (Pseudomonas sp.) from which CPG2 has been extracted contains an NAO-related activity. This activity behaves as a Zn2+-dependent carboxypeptidase (12) . Since CPG2 is also described as a zinc-dependent enzyme, with an Mr of 2 x 43,932, it is tempting to propose that CPG2 itself corresponds to the NAO activity previously identified in Pseudomonas extracts.
This conclusion may be of particular interest for the understanding of the structure-function relationships of NAO and CPG2. The two enzymatic activities are characterized by the ability to hydrolyze an amino acid with a relatively broad specificity. The conserved residues shown in the comparison in Fig. 6 , particularly an 18-amino-acid peptide (positions 106 to 123 in the NAO sequence), also strongly conserved in SDPD, may therefore have a crucial role in the hydrolytic activity.
Finally, we wondered whether, reciprocally, E. coli NAO could express such a carboxypeptidase activity. However, when using 6 mM N-a-benzoylornithine as the substrate, we could not show ornithine synthesis in a standard assay containing up to 1 ,uM homogeneous NAO. This result may reflect a hydrolytic specificity of the E. coli NAO narrower than that of the CPG2 enzyme.
